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ABSTRACT: A spectrometer consisting of thermoluminescence detectors (TLDs) placed in a stack
of different absorbers is used to determine the absolute fluence and energy distribution (spectrum)
in both, continuous and pulsed photon radiation fields. Spectra can reliably be determined in the
energy range between a few keV and several MeV: if the measurement is taken in vacuum, the
upper energy limit rises to about 100 MeV. The maximal deviation of the mean energy and absolute
fluence (and hence the absolute dose) from the correct values is about 10% and 20%, respectively.
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1 Introduction
Pulsed radiation fields have been used in medicine, material control, and research for several years,
yet more and more have appeared in cargo and personnel control as well (continuous beams scan
the objects). Reliable measurements of the dose in the radiation beam can only be performed with
devices suitable for short and long radiation pulses, low and high doses, dose rates (during the
pulse), and repetition frequencies of the pulses. Electronic dosemeters often do not work properly
in such radiation fields [1, 2], others may need to be corrected regarding their energy dependence.
For that reason, a few-channel spectrometer for electron and photon radiation was developed which
uses thermoluminescence detectors (TLDs) [3]. This spectrometer was used in mixed radiation
fields [4, 5]. Depending on which kind of particle is dominant in the radiation field, the energy
ranges that can be resolved vary strongly. If it is known that only one type of radiation is contained
in the radiation field, for example photons, much more precise energy and fluence information can
be determined because more general data evaluation methods can be used that do not need any pre-
information on the spectrum as is the case in mixed radiation fields [4]. Indeed, in many radiation
fields only photons are present, for example, in all X-ray generated fields. Therefore, in this paper
the application of the spectrometer in pure photon radiation fields is described.
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Figure 1. Illustrations of the few-channel spectrometer: photograph from right to left: an assembled spec-
trometer, a magazine with 100 TLDs, stack of absorbers made of metal and the first absorber with a Teflon
spacer for three TLDs (white), inner shielding made of copper with holders for the PMMA absorbers on the
top and the bottom of the inner shielding, in the front: absorbers made of polymethyl methacrylate (PMMA)
and screw nuts for fixing the absorbers, outer shielding made of lead covered with red tape, and a light
shielding made of aluminium.
2 Use of the spectrometer
A sketch of the few-channel spectrometer is shown in figure 1, its detailed setup is presented in
table 1. The main idea is: the deeper the radiation penetrates into the spectrometer, the higher the
energy of the radiation is. Thus, it has to be ensured that only radiation coming through the front
of the spectrometer is used for the data evaluation. This is achieved by three things:
1. The spectrometer is only used in radiation fields originating from point sources or parallel
beams but not in isotropic radiation fields.
2. A shielding made of copper and lead is located at the sides and back (see figure 1).
3. The remaining amount of radiation (for example natural background radiation) which pene-
trates into the spectrometer through the side and back is subtracted either
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Table 1. Material and thickness of the layers of the few-channel spectrometer.
Filter material Thickness Density Thickness No. of TLD layer Total thickness ttotal
mm g/cm3 g/cm2 behind filter in front of TLD; g/cm2
Aluminium 0.025 2.70 0.00675 —
CR-39a 0.75 1.30 0.0975 1 (front) 0.104
PMMAb 0.993 1.19 0.118 2 0.222
PMMA 1.00 1.19 0.119 3 0.341
PMMA 1.00 1.19 0.119 4 0.460
PMMA 1.93 1.19 0.230 5 0.690
PMMA 1.91 1.19 0.228 6 0.918
PMMA 4.13 1.19 0.491 7 1.41
PMMA 5.91 1.19 0.704 8 2.11
PMMA 7.93 1.19 0.943 9 3.06
PMMA 14.0 1.19 1.66 10 4.72
PMMA 0.99 1.19 0.118 —
Aluminium 0.0952 2.70 0.0257 11 4.92
Titanium 0.102 4.54 0.0463 12 5.31
Iron 0.105 7.86 0.0825 13 5.73
Copper 0.127 8.93 0.113 14 6.18
Molybdenum 0.102 10.2 0.104 15 6.63
Silver 0.140 10.5 0.147 16 7.12
Tin 0.508 7.31 0.371 17 7.83
Densimetc 0.202 17.6 0.356 18 8.53
Densimet 0.580 17.6 1.02 19 9.89
Lead 1.45 11.1 1.61 20 11.8
Densimet 2.50 17.6 4.40 21 16.6
Densimet 4.00 17.6 7.04 22 24.0
Densimet 5.00 17.6 8.80 23 33.1
Densimet 6.50 17.6 11.4 24 44.9
Densimet 8.50 17.6 15.0 25 60.2
Densimet 12.0 17.6 21.1 26 81.6
Densimet 13.6 17.6 23.9 27 106
Densimet 15.1 17.6 26.6 28 133
Densimet 16.5 17.6 29.0 29 162
Densimet 18.8 17.6 33.1 30 (rear) 196
Teflon 0.260 2.20 0.0572 In front of and Contributes to ttotal
behind TLD layers once at TLD layer 11
11 – 30 and twice at 12 – 30
Teflon 1.03 2.20 0.227 Beside TLD layers Contributes to ttotal
11 – 30 at TLD layers 11 – 30
Lithium fluorided 0.600 2.64 0.158 Values given for information purposes only.
aChemical composition: C12O7H18; PolyAllylDiglycolCarbonat (PADC).
bChemical composition: C5H8O2; Polymethyl metacrylate (PMMA).
cAlloy: 92.5% mass fraction tungsten; 3.75% mass fraction iron; 3.75% mass fraction nickel.
dMaterial the thermoluminescence detectors (TLD) are made of.
a) by the subtraction of the dose values of an equivalent spectrometer which was only
exposed to natural background radiation or
b) by comparing the dose values in the rear TLD layers: if they are almost equal, their
mean value is subtracted from all other dose values.
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Figure 2. Response functions (depth dose curves) for photons with different energies: dose per incident
fluence at the front of the spectrometer vs. TLD layer in the spectrometer, calculated for a distance of 1 m
between radiation point source and front of the spectrometer. To guide the eye, the calculated points were
connected and only these lines are given. From one line to the next, the energy differs by a factor of 1.1885.
At energies above 0.6 MeV, the dose built up is apparent as the calculations are performed in vacuum.
These corrected dose values originate only from radiation that has entered the spectrometer
through the front. The calibration of the TLDs is done with a Cs-137 source with a known dose
of about 10 mGy. In every TLD layer, three TLDs are positioned. With this, the linearity of the
measured dose values is in the order of 5% for doses between 100 µGy and a few Gy and up to
30% between a few µGy and a hundred Gy.
To obtain the photon spectrum from the depth dose curve measured in the TLD layers, an
unfolding procedure has to be applied. This procedure uses the fact that every photon energy pro-
duces a characteristic form of the depth dose curve (response function), see figure 2. The response
functions were calculated for photons in vacuum with energies between 3 keV and 100 MeV using
the transport simulation code EGS4 [6–8] after it was made sure by comparison with measure-
ments in known radiation fields that the calculation of the response functions are correct [3]. The
calculations were performed for a divergent photon beam entering the front face of the spectrom-
eter. Thereby, the result of the unfolding is the photon fluence at the place where the front of the
spectrometer was positioned during the measurement. To perform the unfolding, three different
computer programs, Gravel, Maxed, and WinBUGS were used. Simply speaking, the programs
start with a photon spectrum (first guess, usually given by the user), fold this with the response
functions to calculate the dose readings in TLD layers, compare theses values with the measured
dose values and then choose another spectrum until the agreement between the calculated and mea-
sured dose values is optimal. Different programs use different methods to choose the spectra and
to stop the optimization. Mathematical details of the unfolding procedure are given in the literature
related to the computer programs [9–12].
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Figure 3. Depth dose curve due to an irradiation in the ISO radiation field W110. This curve is similar to
the one for 87 keV in figure 2 as the mean energy of W-110 is similar. On the right hand side, the same
data are shown for information purposes depending on the depth (given in mass per area) in the few-channel
spectrometer. The curve is not quite smooth because different materials are involved, see table 1.
3 Verification of the data evaluation
3.1 General procedure: test for X-ray radiation fields
To ensure that the complete data evaluation (dose measurement and unfolding) is correct, the spec-
trometer was irradiated in known radiation fields. For each radiation field the depth dose curve was
measured, see figure 3 as an example. If divergent radiation beams are present, the dose decreases
from the front to the back of the spectrometer as the front is nearer to the radiation source than the
back (quadratic distance law). Therefore, the measured depth dose curves depend on the distance
between the radiation source and the spectrometer. Therefore, the response functions (calculated
for 1 m distance, see figure 2) were corrected for the divergence at the actual distance using the
quadratic distance law. To make sure that this correction is appropriate, the response functions
were calculated for a distance of 12 cm and 10 m as well and corrected to a 1 m distance: the result-
ing response functions agree with the calculation for 1 m within the statistical fluctuations of the
calculations. Thus, measurements can be performed in a wide range of distances from the radiation
source as the response functions can easily be corrected to almost arbitrary distances.
The unfolding for this test was performed using the two programs, Gravel and Maxed, the first
one uses an iterative least square fit and the latter one a maximum entropy algorithm to determine
the resulting spectra. In both programs, the requested final chi-square1 per degrees of freedom,2
χ2, has to be chosen by the user as input parameter. Typical values are between 1 and 5. χ2
influences the endpoint of the optimization of the unfolding procedure. Table 2 summarizes the
results compared with the correct values of the spectral characteristics. The “correct” spectra were
measured with a high purity germanium (HP Ge) detector [13]; their absolute height results from
air kerma3 measurements with a secondary ionization chamber and subsequent division of the
1Sum of the squares of the deviations between the calculated and measured dose values divided by the standard
uncertainties of the measured dose values.
2The “degree of freedom” is the number of TLD layers used for the data evaluation. Chi-square is divided by the
degree of freedom to obtain the chi-square per degrees of freedom, χ2.
3In this paper the collision air kerma: Ka,c = Ka ·(1−g) with the total air kerma, Ka, and the fraction of energy that is
transferred from secondary electrons to bremsstrahlung, g. is always referred. It is Ka,c = Ka for photon energies E of up
to 600 keV, g = 0.3% for E = 1.25 MeV, and g = 2% for E = 6 MeV.
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Table 2. Results of the unfolding using Maxed and Gravel for a 1 m distance from the X-ray tube compared
with the correct values of the spectral characteristics for a 1 m distance. For both Maxed and Gravel, the start
spectrum (starting point of evaluation) was constant (no pre-information) and a requested final chi-square
per degree of freedom of χ2 = 1 was chosen.
Radiation Φ: total fluence in cm−2 E: mean energy in keV H*(10) in mSv
Field correcta Maxed Gravel correcta Maxed Gravel correcta Maxed Gravel
N-15 1.7·1011 1.7·1011 2.4·1011 12 12 10 73 72 74
W-30 5.0·1010 5.7·1010 5.8·1010 23 23 23 48 55 56
W-60 1.7·1011 1.8·1011 1.9·1011 45 44 45 105 112 115
W-110 2.2·1011 2.2·1011 2.2·1011 79 81 80 120 123 125
W-200 1.3·1011 1.2·1011 1.4·1011 138 145 134 108 107 111
N-300 8.0·1010 7.8·1010 8.5·1010 250 251 239 119 118 122
aAs written in the text, the correct values were deduced from measurements with an HP Ge spectrometer and air kerma
measurements with an ionization chamber.
air kerma by the kerma factor,4 Ka/Φ. Figure 4 shows — for each radiation field — the spectra
resulting from the unfoldings and the correct ones. The X-ray fields were produced according to the
international standard ISO 4037-1 [14]. The spectral characteristics such as kerma, Ka, and ambient
dose equivalent, H*(10), were deduced from the measured spectra using mono-energetic values for
the kerma factor, Ka/Φ, and for the conversion coefficient, h*K(10), from the literature [15, 16]
and [17], respectively.
As can be seen from figure 4, the unfolding code Maxed (red lines) partly tends to evaluate
spectra which are too narrow; in addition at about 25 keV photon energy an extra peak not contained
in the correct spectra sometimes occurs. This can lead to the wrong results if the spectra are used
to perform further calculations, for example to estimate the necessary shielding thickness of a
lead apron. In order to investigate this behaviour in more detail, the unfoldings were performed
with different requested final chi-square per degrees of freedom (which influences the endpoint of
the optimization of the unfolding procedure) of χ2 = 1, 2, 3, and 5. The results are given for the
radiation field W110 in figure 5. It can be seen that the artefact produced by Maxed at around
25 keV depends on the requested final chi-square per degree of freedom. Therefore, Gravel will
usually be preferred to perform data evaluations.
3.2 Special concerns for photon energies above 0.6 MeV
3.2.1 Charged particle equilibrium and response functions
At photon energies above 0.6 MeV, the material in front of the first TL-detector (0.104 g/cm2, see
table 1) is not thick enough to produce charged particle equilibrium (CPE).5 In other words: the
4The kerma factor is the air kerma divided by the fluence, both deduced from the spectrum measured with the HP Ge
spectrometer.
5Charged particle equilibrium is present in a piece of matter (for example in a TLD) in case the electrons produced
by photon interaction in the material in front of the TLD deposit the same amount of energy in the TLD as is carried out
of the TLD by electrons produced by photon interaction inside the TLD itself. In other words: the energy “brought into”
the TLD is equivalent to the energy “brought out of” the TLD, both by secondary electrons.
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Maxed (red) and Gravel (dashed green). For both Maxed and Gravel, the start spectrum (starting point of
evaluation) was constant (no pre-information) and a requested χ2 of 1 was chosen. Additional data are given
in table 2.
dose build-up is not complete. This can be seen in figure 2: the depth dose curves for photons
above 0.6 MeV do not have their maximum in the first TLD layer, but their maximum is all the
deeper in the spectrometer, the higher the photon energy is. At these high energies, two different
cases occur:
1) For irradiations in vacuum, the response functions as shown in figure 2 can be used indepen-
dent of the present photon energy, as the dose build up is taken into account by the response
functions which were calculated for a spectrometer in vacuum.
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Figure 5. Results of the unfolding using Gravel and Maxed depending on the requested final chi-square
per degree of freedom χ2. In all cases, the start spectrum (starting point of evaluation) was constant (no
pre-information).
2) For irradiations in air, the dose in the first few TLD layers depends on the amount of air
and other materials, for example shielding, in front of the spectrometer (build-up material)
and therefore is not well defined. To obtain well-defined doses, sufficient material to ensure
CPE in the TLDs used for the data evaluation has to be in front of those TLDs. CPE is
reached at the depth at which kerma6 is equivalent to absorbed dose.7 To determine this
depth in PMMA depending on photon energy, kerma and dose in PMMA were calculated
for photons with energies between 0.6 MeV and 100 MeV using the program DOSRZnrc of
the transport simulation code package EGSnrc [18, 19]. The results are shown in figure 6.
From the right part of figure 6, it can be seen that, for example, for photons with an energy
of 10 MeV, CPE is reached at a depth of 3.6 cm. The spectrometer layers 1 to 10 are made
of PMMA, see figure 1, with a total depth of 4.0 cm. Thus the dose values from TLD layer
10 and deeper can be used for the data evaluation. For photon energies above about 11 MeV,
6Kinetic energy released in a piece of material: Ka,c.
7Absorbed dose is the energy deposited in a piece of material divided by the mass of that material: D.
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Figure 6. Left: depth dose curve in PMMA (Eph = 10 MeV); CPE is reached at kerma = dose (dose always
means absorbed dose). Right: depth of CPE in PMMA depending on photon energy resulting from several
calculations with different photon energies. The positions of the TLD layers in the spectrometer are indicated
in blue.
Figure 7. Response functions with a layer of 10 cm PMMA in front of the spectrometer (left) and, for
comparison, without an additional layer (right) as already shown in figure 2.
an additional layer of PMMA has to be placed in front of the spectrometer to ensure CPE at
least in TLD layer 11 and deeper which are not made of PMMA. Besides CPE, this additional
front layer causes photon absorption as well. Therefore, additional response functions were
calculated including the additional material in front of the spectrometer. The results can be
seen in the left part of figure 7. In the right part, the response functions without an additional
layer, as already shown in figure 2, are shown for comparison. It is obvious that with 10 cm
PMMA, the response function for 26 MeV is — for i < 10 (PMMA) — nearly constant, as
CPE is reached. The layer of 10 cm PMMA was chosen, as medical accelerators often have
maximum endpoint energies of 25 MeV. For higher energies, even thicker layers of PMMA
can be used according to the right part of figure 6.
– 9 –
2009 JINST 4 P03027
Figure 8. Comparison of measured and calculated depth dose curves in 10 cm×10 cm fields. The spectra
for the calculations were stretched or compressed to obtain the best possible agreement.
3.2.2 Test for accelerator radiation fields
For photon energies above 0.6 MeV, the spectrometer was irradiated in radiation fields of the newly
installed medical accelerators (Elekta) at the Physikalisch-Technische Bundesanstalt (PTB). The
correct spectra of this new facility were not yet determined. To obtain them, a first guess for the
spectra was taken from the literature [20]. To ensure that they were representative of the spectra
of the accelerators used, the depth dose curves (DDC) in water were measured with an ionization
chamber. These measured DDC [21] were compared with the DDC that were calculated with DOS-
RZnrc of the transport simulation code package EGSnrc [18, 19] using the spectra of the literature.
Afterwards, the spectra were stretched or compressed to obtain the best agreement between the
calculated DDC with the measured ones. The resulting DDC are shown in figure 8. The endpoint
energies had to be changed by about 10% to 15%. The absolute height of the spectra results from
absorbed dose measurements in water according to a normative standard [22] at a 10 cm depth in
a water phantom. To get the dose at the front of the phantom, the measured DDC were extrapo-
lated to the front of the water phantom. Subsequently, the conversion of the absorbed dose to air
kerma8 was undertaken and finally the air kerma was converted to fluence using the kerma factor
(as described in section 3.1).
The irradiations of the few-channel spectrometer in the 4 MV, 8 MV, and the 25 MV radiation
fields were performed at 1.1 m distance from the target, each spectrometer was irradiated with 1 Gy
of absorbed dose in water. As usual with medical accelerators, the radiation beam was pulsed:
8The absorbed dose in water multiplied by the ratio of the energy absorption coefficients — for air and water
(weighted with the photon spectrum) results in the absorbed dose in air which is under CPE (present during the ir-
radiations) — equal to the air kerma.
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pulse length: about 3 µs; dose per pulse: about 0.068 mGy, 0.18 mGy, and 0.21 mGy; repetition
rate: 100, 40, and 25 pulses per second, respectively.
The results of the unfolding using Gravel and Maxed were unfortunately quite inconsistent,
for example, the results strongly depended on the requested final chi-square per degree of freedom,
as too little information was gained from the measured dose values. Thus, the unfolding program
WinBUGS [12] was used for the data evaluation, as in this program, it is easily possible to use
information in addition to the measured values for the data evaluation, so-called pre-information.
WinBUGS uses Bayesian methods to determine the resulting spectra.
The pre-information for the fluence, Φ(E), of bremsstrahlung fields was as follows: they rise
at photon energies, E, between about 0.1 MeV and 0.2 MeV, then an exponential decay follows




0 for E < Erise,start




E ·mrise +brise ·pi
])}
/2 for Erise,start < E < Erise,end
aexp · exp(sexp ·E) for Erise,end < E < Edrop,start




E ·mdrop +bdrop ·pi
])}
/2 for Edrop,start < E < Edrop,end
0 for Edrop,end < E






The six parameters contained in the formula were optimized by the program:
1. Erise,start: the energy at which the rise starts (between 0.1 MeV and 0.2 MeV is allowed)
2. Erise,end: the energy at which the rise is finished (between 0.5 MeV and 1.8 MeV larger than
Erise,start is allowed)
3. sexp: the slope of the exponential decay (between -50 and 50 is allowed)
4. aexp: the amplitude of the exponential decay (between 0 and 1012 is allowed)
5. Edrop,start: the energy at which the drop starts (between 0 MeV and 20 MeV is allowed)
6. Edrop,end: the endpoint energy (between 0 MeV and 50 MeV larger than Edrop,start is allowed).
Table 3 summarizes the results of the unfoldings compared with the correct values of the spectral
characteristics. As can be seen from the values in table 3, the results agree quite well with the
correct values. This is confirmed very clearly by the spectra shown in figure 9. Thus, the pro-
gram WinBUGS is appropriate to evaluate spectra in bremsstrahlung radiation fields with endpoint
energies above 0.6 MeV.
3.3 Conclusions for unfoldings of unknown radiation fields
Data evaluation of unknown radiation fields are at first performed using both programs, Gravel
and Maxed, and for different requested final chi-square per degrees of freedom χ2. Those results
that depend only slightly on the requested final chi-square per degree of freedom are considered to
be reliable.
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Figure 9. Correct spectra of bremsstrahlung radiation fields (black) compared with the results of the unfold-
ing program WinBUGS (dashed green). Additional data are give in table 3.
Table 3. Summary of the results of the unfolding using WinBUGS compared with the correct values of the
spectral characteristics for photon energies above 0.6 MeV. All values are valid for a 1 m distance from the
target.
Radiation TLD layers Φ: total fluence / cm−2 E: mean energy / MeV Ka,c / Gy
field used correcta WinBUGS correcta WinBUGS correcta WinBUGS
4 MV 8-30b 2.4·1011 2.4·1011 1.60 1.55 1.49 1.40
8 MV 10-30b 1.7·1011 1.7·1011 2.43 2.51 1.38 1.38
25 MV 1-30c 9.5·1010 8.8·1010 4.97 5.64 1.27 1.30
aAs stated in the text, the correct values were deduced from spectra from the literature and absorbed dose
measurements in water.
bAs the endpoint energy is below 10 MeV, here the original spectrometer without additional PMMA layer was used and
only TLD layers from depth with charged particle equilibrium (CPE) were taken for the data evaluation.
cAs the endpoint energy is above 10 MeV, here the additional layer of 10 cm PMMA was placed in front of the
spectrometer. Therefore, CPE is already in the first TLD layer present.
In case neither Gravel nor Maxed deliver reliable results, additional information from the
radiation source has to be taken into account for the data evaluation. For this purpose, the program
WinBUGS is used with appropriate assumptions made on the radiation field. If no additional
information is available (this is quite seldom the case), no reliable data evaluation was possible.
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Figure 10. Set up during the measurement of the spectrum from the XR200.
4 Application in unknown radiation fields
4.1 Pulsed X-ray source
For the purpose of radiographic examinations of various items, transportable X-ray sources have
been used for several years. Hand-held devices powered by rechargeable batteries are available that
produce very short X-ray pulses in the order of 60 nanosecond pulse durations. Usually, no spectro-
metric information is supplied by the manufacturer besides the accelerating voltage. As spectromet-
ric measurements are not possible with active detectors, the few-channel spectrometer was applied.
The spectrum of the X-ray unit XR200 from Golden Engineering (www.goldenengineering.com)
was measured. The set up is given in figure 10 and the resulting spectra of 2 times 99 pulses are
given in figure 11. The data evaluation was undertaken using the programs Gravel and Maxed, both
with no pre-information, see section 3.1. Maxed obviously produces an artifact of around 25 keV
as seen in section 3; thus the results of Gravel are considered to be reliable here.
Several pulses (about 200) were used to irradiate each few-channel spectrometer in order to
obtain significant dose values in the TLDs. Therefore, the resulting spectra and their characteristics
are, of course, averages of these (approx.) 200 pulses.
The X-ray unit can produce up to 99 pulses in a row within about 2 seconds, alternatively,
10 pulses in a row or one single pulse are selectable. In figure 12, the results for three different
measurements are given, detailed characteristics of the spectra are given in table 4. Firstly, it can
be seen that the spectra measured at two different distances are equivalent (after correcting the
distance to 1 m distance) — this is further proof that the data evaluation is reliable. Secondly, it
is obvious that almost no differences between an irradiation with 2 times 99 pulses and 20 times
10 pulses occur in the spectra. Thirdly, it is apparent that the spectra have their endpoint slightly be-
low 150 keV. This clearly supports the information from Golden Engineering that the accelerating
voltage is 150 kV.
The dose value of about H*(10) = 3.1 µSv per pulse at a 1 m distance evaluated from the
spectra, see table 4, agrees quite well with measurements performed with an ionization chamber
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Figure 11. Spectra of the XR200 due to 2 times 99 pulses measured at a distance of 27.3 cm depending
on the requested final chi-square per degree of freedom. In all cases, the start spectrum (starting point of
evaluation) was constant (no pre-information). The absolute values are valid for a distance of 1 m and one
pulse.
which yields H*(10) = 3.2 µSv [23]. The equipment of the ionization chamber measurements is
described elsewhere [24].
4.2 Facility for the simulation of a gamma flash from a nuclear detonation
At the Bundeswehr Research Institute for Protective Technologies and NBC (nuclear, biological,
chemical) Protection (WIS) in Munster, Germany, a facility is used to test electronic equipment
regarding its immunity to the gamma flash of a nuclear detonation (6 MV GFF — Gamma Flash
Facility). For this purpose, a field emission tube is supplied with high voltage from a Marx gen-
erator from Maxell Laboratories, Inc., which consists of 62 capacitors connected in parallel. Each
capacitor is loaded to the same high voltage which can be varied between 40 kV and 95 kV re-
sulting in 2.48 MV up to 5.89 MV by switching the capacitors via spark gap switches in series.
This high voltage is directed onto an intermediate coaxial capacitor and then via another spark gap
(main switch) to a field emission tube with a target made of tantalum (about 2.5 mm in thickness).
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Figure 12. Spectra of the XR200 from three measurements, each evaluated with Gravel. The start spectrum
(starting point of evaluation) was constant (no pre-information) and a requested final chi-square per degree of
freedom of χ2 = 1 was chosen. The absolute values are valid for 1 m distance from the focus of the XR200.
Table 4. Summary of the results of the unfolding using Gravel. All values are given for a distance of 1 m
from the target and per one pulse of the XR200.
Number of Distance Φ E Ka,c H*(10) h*K(10)
pulses cm cm−2 keV µGy µSv Sv/Gy a
2·99 = 198 81.5 4.8·106 54 2.7 3.0 1.13
2·99 = 198 27.3 5.0·106 54 2.7 3.1 1.15
10·20 = 200 27.3 5.2·106 55 3.0 3.2 1.07
aAs the conversion coefficients for mono-energetic photons [17] strongly depend on the photon energy between 10 keV
and 60 keV, the values for h*K(10) strongly depend on little changes in the spectrum.
A bremsstrahlung pulse of about 65 ns duration is emitted with a dose rate of up to 108 Gy/s during
the pulse and a dose of up to 2 Gy per pulse at 1 m distance from the target. These values were
measured earlier using silicon diodes [25]. In order to characterize the spectrum of the radiation
field, the few-channel spectrometer was used. Its application is possible as TLD measurements are
reliable even at these high dose rates [26].
In figure 13, the set up during the measurements is shown. Five different loading voltages were
used, the data evaluation with WinBUGS was carried out using the same ranges of parameters as
described in section 3.2.2. In figure 14, the spectra depending on the loading voltage are given, de-
tailed characteristics of the spectra are listed in table 5. Some general characteristics can be noted:
1. It is obvious that the endpoint energy of the spectra is much smaller than the expected one
according to the loading voltage. This can be explained by the fact that the intermediate
capacitor and the capacity of the Marx generator represent a capacitive voltage divider. For
that reason, the voltage at the field emission tube is smaller than the Marx voltage. A second
reason is that the spark gap switches are not ideal but lossy.
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Figure 13. Set up during the measurement of the spectra from the 6 MV GFF. Behind the grey wall consist-
ing of 1 mm stainless steel, an additional housing made of 33 mm thick aluminium is placed, behind which
the tantalum target, 2.5 mm in thickness, is located.
2. The mean energy roughly depends linearly on the loading voltage; this is nearly the same as
for the spectra of the Elekta accelerator, see section 3.2.2.
3. The dose per pulse depends potentially on the loading voltage (power of about 5.6).
4. The dose values measured by the WIS using silicon diodes [25] are about 40% larger than
those determined by the TLD spectrometer, however, the trend described at number 3 is
reproduced with the silicon diodes. A possible explanation for the larger indication of the
silicon diodes is a wrong calibration.
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Figure 14. Spectra of the 6 MV GFF from five measurements, each evaluated with WinBUGS as described
in section 3.2.2. The absolute values are valid for a 1 m distance from the tantalum target of the 6 MV GFF.
Table 5. Summary of the results of the unfolding using WinBUGS. All values are given for a distance of
1 m from the target and per one pulse of the 6 MV GFF.
Expected TLD Φ E Ka,c H*(10) h*K(10) Si diodeb
endpoint layers cm−2 MeV Gy Sv Sv/Gy Ka,c
energy useda Gy
40 kV · 62 = 6-30 2.2·1010 0.55 0.056 0.068 1.22 0.086
2.48 MV
53 kV · 62 = 7-30 7.6·1010 0.71 0.24 0.29 1.20 0.38
3.29 MV
65 kV · 62 = 8-30 2.0·1011 0.85 0.73 0.87 1.18 1.0
4.03 MV
75 kV · 62 = 8-30 4.8·1011 1.02 2.0 2.4 1.17 2.6
4.65 MV
85 kV · 62 = 8-30 7.6·1011 1.20 3.7 4.3 1.16 4.9
5.27 MV
aAs the endpoint energy is always below 10 MeV, the original spectrometer was used and only TLD layers from depths
with charged particle equilibrium (CPE) were taken for the data evaluation.
The layers were chosen depending on the expected endpoint energy (loading voltage multiplied by 62) and determined
according to the right part of figure 6.
bThe values from the silicon diodes were obtained by measurements of the WIS [25].
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5 Summary
A spectrometer for continuous and pulsed photon radiation has been presented. It has been possi-
ble to precisely measure the absolute fluence and energy distribution of photon radiation emitted
from point sources or in parallel radiation beams. The data evaluation has been performed us-
ing the unfolding programs-Gravel, Maxed, and WinBUGS; the latter one implements a Bayesian
data analysis.
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